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Abstract
The mass dependence plays a significant role in the yield enhancement or suppression
of hadrons in pp and p–Pb collisions at the LHC energies. This has been observed by
parameterizing the variation of yield ratios between any two hadrons with event charged-
particle multiplicity using a single empirical function. We notice that this variation is
independent of all quantum numbers and solely depends on masses of hadrons and masses of
their valence quarks. The function shows that the amount of quark deconfinement increases
with event multiplicity, and the quark coalescence favours more the production of heavier
hadrons compared to lighter ones.
1 Introduction
Heavy-ion collisions at ultra relativistic energies produce a new form of QCD matter character-
ized by the deconfined state of quarks and gluons, known as the QGP [1, 2]. Measurements of
the production of identified particles in high-energy nucleus-nucleus (AA) collisions, relative to
proton-proton (pp) or proton-nucleus (pA) collisions, provide information about the dynamics of
this hot and dense matter. In pp and pA collisions, the relative contributions to hadron produc-
tion through different hadronization mechanisms change with event charged-particle multiplicity.
Quark (re-)combination mechanism describes the formation of hadrons at hadronization as fol-
lows [3, 4, 5, 6, 7]: A quark and an antiquark neighboring in phase space form a meson and three
quarks (antiquarks) form a baryon (antibaryon). High transverse momentum (pT) quarks can
be produced in hard (perturbative) partonic scattering processes like flavor creation, flavor ex-
citation and gluon splitting. These quarks tend to dominate the production of high pT hadrons
through fragmentation [8, 9, 10]. At low pT, the non-perturbative processes like pair production
and string fragmentation dominate the hadron production.
The non-valence strange quarks (s) are sufficiently light (∼96 MeV/c2) [11] to be abundantly
created during the course of collisions. In spite of that, these are many times heavier than non-
valence u and d quarks. The production of hadrons containing s quark(s) appears to be signif-
icantly suppressed in smaller systems [12, 13, 14]. According to the Statistical Hadronization
Model [15, 16, 17], the suppression of relative strangeness production in elementary collisions
with respect to heavy-ion collisions is mainly an effect of the decrease of the global volume from
heavy-ion to elementary collisions. This phenomenon is known as strangeness canonical suppres-
sion that requires conservation of strangeness. However, canonical suppression is not enough to
account for strangeness enhancement from pp to heavy-ion collisions. This is demonstrated by
neutral mesons like Φ meson, which does not suffer canonical suppression but are relatively more
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abundant in heavy-ion collisions [18, 19]. In high-multiplicity pp collisions, the integrated yields
of strange and multi-strange particles, relative to pi, increase significantly with event charged-
particle multiplicity density (〈dNch/dη〉) [20, 21]. The enhancement is more pronounced for
multi-strange baryons.
In this paper, we present the enhancements or suppressions in the yield ratios between any
two hadrons (mesons or baryons, strange or non-strange particles) with event charged-particle
multiplicity by using ALICE published data in pp collisions at
√
s = 7 TeV [20, 21] and in
p–Pb collisions at √sNN = 5.02 TeV [22, 23]. We describe the relative yield ratios by fitting the
published data with a parameterized function. We find that the available data follow this hy-
pothesis: the variations in yield ratios depend on masses of hadrons and masses of their valence
quarks, and this is independent of any quantum number. The function suggests the dominance
of different hadron production mechanisms varies with 〈dNch/dη〉.
2 Results and Discussions
The strange and multi-strange baryon yields in Pb–Pb collisions have been shown to exhibit an
enhancement relative to pp reactions [24]. The same can be seen for high multiplicity events
relative to low multiplicity events in pp collisions at LHC energies [20, 21]. Figure 1 shows
the multiplicity dependence of primary yield ratios of hadrons to pi, scaled by the respective
values measured in the inclusive (INEL > 0) pp collisions. Here a primary particle is defined
as a particle created in the collision, but not coming from a weak decay. The measurements
were performed for events having at least one charged particle produced in the pseudorapidity
interval |η| < 1.0 (i.e. INEL > 0). For brevity, pi+ + pi–, p + p, Λ + Λ, Ξ– + Ξ+ and Ω– + Ω+
are denoted as pi, p, Λ, Ξ and Ω, respectively. The hadrons in the numerator are non-strange
(p), single strange (K0s , Λ) and multi-strange (Ξ, Ω) particles. The published experimental
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Figure 1: Yield ratios of non-strange (p), single strange (K0s , Λ) and multi-strange (Ξ, Ω) hadrons to pi,
scaled by the respective values measured in the inclusive (INEL > 0) pp collisions, and plotted against
〈dNch/dη〉. The results are shown for pp collisions at
√
s = 7 TeV [20, 21] and p–Pb collisions at √sNN
= 5.02 TeV [22, 23]. The PHENIX published results for K/pi and p/pi in pp collisions at
√
s = 62.4 and
200 GeV are shown by open stars and asterisks symbols, respectively [25] . Statistical and uncorrelated
systematic uncertainties are added in quadrature and are shown by vertical bars. The lines represent a
simultaneous fit of the results with the empirical function in equation (1).
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data points are shown by markers (see legends in the Fig. 1), and these are in pp collisions at√
s = 7 TeV [20, 21] and in p–Pb collisions at √sNN = 5.02 TeV [22, 23]. The measurements
were performed at mid-rapidity |y | < 0.5. The details of information on data can be found in
Refs. [20, 22, 23] and references therein. The figure shows that the normalized ratios increase
with 〈dNch/dη〉. The ratio between two non-strange hadrons (p/pi) is close to unity over all
〈dNch/dη〉 except at the lowest point. One can observe that Λ/pi values continuously stay above
(below) K0s/pi (though both the ratios are consistent within uncertainty) for 〈dNch/dη〉 above
(below) 〈dNch/dη〉ppINEL>0, which is the charged-particle multiplicity density in (INEL > 0) pp
collisions. Also, the hadron ratios at the lowest 〈dNch/dη〉 appear to be consistently going out
of the trend (see the parameterized function fit in Ref. [20]). The data indicate that the larger is
the mass difference between numerator and denominator, the higher is the suppression in the low
〈dNch/dη〉 region. To make this indication more promising, we have shown PHENIX published
results for K/pi and p/pi in pp collisions at
√
s = 62.4 and 200 GeV in Fig. 1 at their respective
〈dNch/dη〉 [25]. These observations suggest that there may be a mass effect in the enhancement
and/or suppression, and the dominant mechanisms for the hadron production may differ with
〈dNch/dη〉. We have parameterized a function to describe this behaviour and examined how
effectively this function can fit these 5 sets of data points simultaneously. Every line in Fig.
1 represents the curve predicted by our function that fits the corresponding data points. The
empirical function is in the form
h/pi
(h/pi)ppINEL>0
= 1 + a
(
(Mq,N)
b – (Mq,D)
b
)
log
[
〈dNch/dη〉
〈dNch/dη〉ppINEL>0
]
+ c
(
Mh,N – Mh,D
)
log
[
〈dNch/dη〉
〈dNch/dη〉ppINEL>0
]/
〈dNch/dη〉,
(1)
where Mq,N (Mq,D) is twice the sum of masses of valence quarks of the hadron in the numerator
(denominator), and Mh,N (Mh,D) is twice the mass of hadron in the numerator (denominator)
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Figure 2: Particle yield ratios scaled by the respective values measured in the inclusive (INEL > 0) pp
collisions, and plotted against 〈dNch/dη〉. The results are shown for pp collisions at
√
s = 7 TeV [20, 21]
and p–Pb collisions at √sNN = 5.02 TeV [22, 23]. Statistical and uncorrelated systematic uncertainties
are added in quadrature and are shown by vertical bars. The lines represent predictions of the results
by the empirical function in equation (1).
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[11]. All the mass values are taken in GeV/c2 and the values used for u, d and s quarks
are 0.0022 GeV/c2, 0.0047 GeV/c2 and 0.096 GeV/c2, respectively [11]. (h/pi)ppINEL>0 is the
measured hadron to pi ratio in (INEL > 0) pp collisions, and a, b, c are free parameters having
appropriate units. The fit describes available data well with χ2/ndf = 0.38 for the best fit
parameter values a = 1.35 ± 0.13, b = 1.84 ± 0.11 and c = 0.18 ± 0.034. There are two parts
in the empirical function, which represents two different behaviours of yield enhancement. The
first part depends on the masses of valence quarks, and it contributes substantially towards
higher 〈dNch/dη〉. The second part depends on the hadron mass, and it contributes largely
towards lower 〈dNch/dη〉. This may indicate that hadron production towards higher 〈dNch/dη〉
is largely from quark coalescence and recombination mechanism [3, 4, 5, 6, 7], while in the
lower 〈dNch/dη〉 region, most hadrons come from fragmentation like processes where hadrons
are mainly produced by excited string fragmentations or high pT partonic jets [8, 9, 10]. In
general, the coalescence models have been qualitatively successful in describing the increase of
the strange baryons to meson ratios [26]. At the LHC energies, data show net baryon density
vanishes at mid-rapidity [27, 28, 29, 30]. So quarks form in pairs (qq) of same flavour for the
conservation of baryon number. It requires 2 quark pairs (uu & dd ) to form a single pi+ (ud).
Same process is followed for all hadrons except for few neutral mesons, especially Φ mesons.
Similar way, a string has to fragment into hadron and its anti-hadron. This makes us double
the masses in the formula. Therefore, the function is expected to deviate from the data with
the increase of net event baryon density. This is shown in Fig. 1 by K/pi and p/pi ratios in pp
collisions at
√
s = 62.4 GeV.
Figure 2 shows the published data (by markers) for different hadrons (Ξ, Φ, Λ, p) to pi and
K0s ratios, scaled by the respective values measured in the inclusive (INEL > 0) pp collisions, as
a function of 〈dNch/dη〉 in pp collisions [20, 21] and p–Pb collisions [22, 23]. The lines represent
the function predictions for the respective ratios (follow the legend of Fig. 2). The function
describes data to a great extent both qualitatively and quantitatively. The data show Φ meson
behaves like a single strange particle. We do not need to double the masses for Φ meson in
the function to describe its behaviour. Therefore, the function says that the neutral mesons are
likely to be less affected by strangeness (canonical) suppression, and this can be seen towards
lower 〈dNch/dη〉 region. Despite the same strange content, Λ/K0s ratio, like p/pi in Fig. 1,
shows suppression towards lower 〈dNch/dη〉. The p/K0s ratio agrees with unity towards lower
〈dNch/dη〉. This may indicate a cancelling effect between higher p mass and heavier s quark in
K0s . The normalized Ξ/K0s ratio stays below normalized Ξ/pi ratio and above normalized Λ/pi
ratio. All these behaviours of experimental data are well described by the function. To know
how well the functions describe the individual set of ratios, we have calculated χ2/ndf for each
function. Each χ2/ndf is below 1 except for Ω/pi, which is 1.07. These values are better as
compared to those χ2/ndf values, which are obtained if one uses the empirical function proposed
by ALICE [20].
The two parts in the empirical function give suppression or enhancement in the yield ratios
of hadrons independently, and it is shown in Figure 3. This shows the changes (%) in the h/pi
ratios from
〈
h/pi
〉pp
INEL>0 as a function of 〈dNch/dη〉. The plot on the left (right) shows that the
change comes from the first (second) part of function. This shows coalescence of quarks favours
the production of heavier hadrons relative to lighter ones with increasing 〈dNch/dη〉, and frag-
mentation suppresses significantly production of heavier hadrons relative to lighter ones towards
lower 〈dNch/dη〉. The first part of the function shows similar enhancement and suppression in
K0s/pi and Λ/pi ratios, but the second part shows their suppressions towards low 〈dNch/dη〉 are
hadron mass dependent. Plots in the left-panel and the right-panel of Fig. 3 show there is a
hierarchy in suppression or enhancement that depends upon the masses of valence quarks and
masses of hadrons, respectively. The function may not calculate the fraction of yields produced
in either of the hadron production mechanisms and also, may not be applied for event with
non-zero net baryon density. We may expect from the function to describe the suppression or
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Figure 3: Plot in the left (right) shows the change (%) in the h/pi ratio from (h/pi)ppINEL>0 as a function
of 〈dNch/dη〉, and that comes from the first (second) part of the function.
enhancement, if any, in charm hadron production relative to lighter hadrons as well.
3 Conclusion
To summaries, we have parameterized a function to describe multiplicity dependent relative yield
enhancement of hadrons produced in pp collisions at
√
s = 7 TeV and p–Pb collisions at √sNN
= 5.02 TeV. The function depends only on masses of hadrons and masses of valence quarks, and
it shows that the enhancement does not depend upon any quantum number. A possible mass
hierarchy has been seen in hadron production and their relative yield enhancement. This may
point towards a common underlying physics mechanism for hadron production in these collision
systems. The function depicts graphically the contributions of hadronization mechanisms to
hadron yields, where it shows quark coalescence mechanism dominates over fragmentation for
high multiplicity events, and the former mechanism favours the production of hadrons containing
heavier quark(s). This observation is very interesting in view of that the partonic degree of
freedom gradually playing a crucial role in particle production, especially for the multi-strange
particles in high multiplicity pp collisions. This may be conjectured to be a signal of formation
of a partonic phase in pp collisions at LHC energies. In high multiplicity events, it further shows
that fragmentation mechanism equally favours production of strange and non-strange hadrons,
and it is able to describe the sign of suppression in yields of heavier hadron relative to lighter
ones for low multiplicity events. The function agrees to accept that Φ meson is likely to be
less affected by strangeness canonical suppression. Further studies extending to heavy flavour
production in pp collisions are essential. It would confirm predictive capability of the function
in case of charm production.
References
[1] J. Rafelski and B. Muller, Phys. Rev. Lett. 48, 1066 (1982).
[2] P. Koch, B. Muller, and J. Rafelski, Phys. Rep. 142, 167-262 (1986).
[3] R. C. Hwa and C. B. Yang, Phys. Rev. C 67, 034902 (2003).
[4] V. Greco, C. M. Ko, and P. Levai, Phys. Rev. Lett. 90, 202302 (2003).
5
[5] R. J. Fries, B. Mu¨ller, C. Nonaka, and S. A. Bass, Phys. Rev. Lett. 90, 202303 (2003).
[6] R. J. Fries, B. Mu¨ller, C. Nonaka, and S. A. Bass, Phys. Rev. C 68, 044902 (2003).
[7] K. P. Das and R. C. Hwa, Phys. Lett. B 68, 459 (1977); Erratum: 73, 504 (1978).
[8] B. Andersson, G. Gustafson, G. Ingelman and T. Sjo¨strand, Phys. Rep. 97, 31 (1983).
[9] X. Artru, Phys. Rep. 97, 147 (1983).
[10] X. Artru, G. Mennessier, Nucl. Phys. B 70, 93 (1974).
[11] M. Tanabashi, et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018).
[12] P. Braun-Munzinger, J. Cleymans, H. Oeschler, and K. Redlich, Nucl. Phys. A 697, 902-912
(2002).
[13] S. Hamieh, K. Redlich, and A. Tounsi, Phys. Lett. B 486, 61-66 (2000).
[14] Andersen, E. et al. (WA97 Collaboration), Phys.Lett. B 449 401-406 (1999).
[15] K. Redlich, A. Andronic, F. Beutler, P. Braun-Munzinger, and J. Stachel, J. Phys. G 36,
064021 (2009).
[16] A. Andronic, P. Braun-Munzinger, J. Stachel, Phys. Lett. B 673, 142-145 (2009).
[17] I. Kraus, J. Cleymans, H. Oeschler, and K. Redlich, Phys. Rev. C 79, 014901 (2009).
[18] F. Becattini, M. Gazdzicki, and J. Sollfrank, Eur. Phys. J. C 5, 143 (1998).
[19] J. Sollfrank, F. Becattini, K. Redlich, and H. Satz, Nucl. Phys. A 638, 399c-402c (1998).
[20] J. Adam, et al. (ALICE Collaboration), Nature Physics 13, 535-539 (2017).
[21] S. Acharya, et al. (ALICE Collaboration), Phys. Rev. C 99, 024906 (2019).
[22] B. Abelev, et al. (ALICE Collaboration), Phys. Lett. B 728, 25-38 (2014).
[23] J. Adam, et al. (ALICE Collaboration), Phys. Lett. B 758, 389-401 (2016).
[24] B. Abelev, et al. (ALICE Collaboration), Phys. Lett. B 728, 216-227 (2014); Erratum: 734,
409 (2014).
[25] A. Adare, et al. (PHENIX Collaboration), Phys. Rev. C 83, 064903 (2011).
[26] S. Sahoo, et. al. Proceedings of the DAE Symp. on Nucl. Phys. 62 (2017).
[27] K. Aamodt, et al. (ALICE Collaboration), Eur. Phys. J. C 71, 1655 (2011).
[28] K. Aamodt, et al. (ALICE Collaboration), Phys. Rev. Lett. 105, 072002 (2010).
[29] K. Aamodt, et al. (ALICE Collaboration), Eur. Phys. J. C 71, 1594 (2011).
[30] E. Abbas, et al. (ALICE Collaboration), Eur. Phys. J. C 73, 2496 (2013).
6
